A robotic system with an X-ray-translucent end-effector and a passive failsafe mechanism is proposed for percutaneous vertebroplasty (PVP). The proposed system consists of a puncture robot with five degrees of freedom, a workstation for the navigation system, and an optical tracking device. The end-effector of the robot is partially X-ray translucent to allow the needle insertion process to be monitored by an X-ray fluoroscope. The robot has a passive failsafe mechanism for safety purposes. A needle assembly is attached to the robot by four asymmetric contacting parts supported by four springs. To evaluate the puncture accuracy of the system, puncture tests were conducted on 50 pedicles of five polyurethane phantoms simulating human lumbar vertebrae from L1 to L5. Pre-operative computed tomography (CT) volumes were acquired for the respective phantoms and segmented. Surgical plans were made for the respective pedicles by a surgeon. After the system was placed at the experimental table's side and the phantom was fixed on the table, robot calibration and phantom registration were performed. During the experiments, no needles were found to be protruding from the pedicles. The positioning accuracy measured by the optical tracking device was 0.64 mm root-mean-square (RMS) and 1.09° RMS (error range = 0.1-0.98 mm, 0.96-1.36°). After the tests, postoperative CT volumes of the respective phantoms were acquired and the puncture trajectories were analyzed. The puncture errors between the planned and actual trajectories were 1.66 mm RMS and 1.62° RMS (error range = 0.13-4.21 mm, 0.36-2.73°). The results demonstrate the feasibility of safe and accurate punctures with the proposed system.
Introduction
Computer-aided surgery (CAS) is an example of the effective applications of medical image computing and medical mechatronics. It aims to make surgical procedures less invasive, less risky (for patients and clinicians), more efficient, and less costly while achieving better patient outcomes. Previous study classified computer-integrated surgery systems into surgical computer-aided design/computer-aided manufacturing (CAD/CAM) and surgical assistances [1] . The former suit simple procedures that require high accuracy and precision (e.g., puncture). A typical example of a surgical CAD/CAM robot is the ROBODOC system [2, 3] for joint replacement surgery. The latter works cooperatively with the surgeon to extend his ability through the use of tools such as a forceps manipulator and an endoscopic manipulator. An example of this is the DaVinci system for endoscopic surgery [4] .
Surgical CAD/CAM systems are helpful for less or minimally invasive orthopedic surgery since accurate puncture is important in such surgery. One of the orthopedic techniques is percutaneous vertebroplasty (PVP) for repairing vertebral compression bone fractures. PVP is a technique in which a needle is inserted into a collapsed vertebral body under fluoroscopic guidance. After the needle is inserted, acrylic cement (poly-methyl-methacrylate, PMMA) is injected into the vertebral body to stabilize the fracture. PVP produces analgesia by stabilizing a collapsed vertebra and can increase the patient's normal activity. However, the procedure requires a high degree of skill since cement leaking from a vertebra can cause worsening pain and partial paralysis.
One solution is the use of robotic surgery, which has the potential to ensure accurate and reliable puncture. Some robotics systems have been developed for pedicle screw placement [5] [6] [7] . However, they prevent the surgeon from obtaining the transpedicular view that a fluoroscope can provide. To ascertain the actual position of a needle in relation to a vertebra, intra-operative, multi-directional fluoroscopic images are indispensable. To obtain transpedicular fluoroscopic images, the robot's end-effector must be X-ray translucent. In addition, the end-effector must be small enough to allow it to be placed into the space between a patient and a fluoroscope and rigid enough to generate the required puncture force. Another issue is that some robotics systems are not equipped with passive fail-safe mechanisms. Although active fail-safe mechanisms are effective, passive ones are more reliable because unexpected force or torque may cause a needle to break off from a robot.
The authors previously developed a puncture robot that addresses these issues [8, 9] . It uses navigation software to properly position a needle relative to a given location and insert the needle into a vertebral body. The present study describes in vitro puncture experiments conducted to evaluate the basic performance of the system implemented in a phantom test.
Robotic puncture system
The developed system consists of a robotic manipulator, a workstation for computing the needle path, and a threedimensional (3D) optical tracking device (OPTOTRAK Certus, Northern Digital Inc., Canada). System components are described below.
The robot was designed based on the following specifications:
(1) Working volume should be minimized to ensure high accuracy and safety. (2) The robot has to be able to generate forces greater than 25 N to enable it to insert a needle into a vertebra [10] . (3) A passive fail-safe mechanism is indispensable for safety. (4) The robot should not prevent the surgeon from accessing the transpedicular and parapedicular views a fluoroscope provides.
The developed robot is shown in Fig. 1 and its mechanism is illustrated in Fig. 2 . The robot consists of two parts, i.e., a rough positioning part and a robotic positioning part in order to lessen the working volume. The rough positioning part, which consists of one vertical actuator, two 500-mm-long links, and three electro-magnetic breaks to fix its three joints, has four degrees of freedom (DOFs), namely three orthogonal translations and one rotation around the vertical axis. This part provides additional passive working volume to complement the small working volume of the robotic part. The robotic positioning part with five DOFs (3 translations and 2 rotations) has five actuators. The robot has dimensions of 350 mm (W) × 400 mm (D) × 270 mm (H) and a weight of 15 kg. Two parallel links are used to achieve both translation motion in the X direction and rotation motion around the Y axis (Fig. 3) . The end-effector has one actuator to enable both clockwise and counterclockwise rotations (oscillating) for safe puncture, and a six-axis force/torque sensor. The working ranges and positioning accuracy of the mechanism are shown in Table 1 . The robot has the following three features for clinical use. First, the end-effector is compact in size and can be inserted into the space between an X-ray fluoroscope and a patient (Fig. 4) . Moreover, the robot is rigid enough to generate the required force; in fact, it is able to generate axial forces of more than 50 N. In addition, the robot can be attached to an operating table, which means that no additional space is needed around at the table. Second, the end-effector is partially X-ray translucent (Fig. 5) . The needle grasping part is made of hollow cylindrical steel with an inner diameter of 52 mm, and is rotated by a direct-current (DC) motor for oscillation. Surgeons can observe the needle position and orientation from the transpedicular view through the part. Finally, the robot has a passive fail-safe mechanism (Fig. 6 ). The base end of a needle (10-gauge) with a hexagonal shape is inserted and fixed to a plastic black disk that has a hexagonal hole at the center. The end-effector grasps the black disk at four contact sites supported by four springs. Since the contact parts are asymmetrical in shape, the grasping force strength varies with direction. When an additional force is applied to the needle from a direction other than that of its insertion, the black disk comes off from the end-effector to avoid possible damage to a patient. Table 2 shows the specifications of the fail-safe mechanism measured by a material testing machine (EZ-Test, Shimadzu Co., Kyoto, Japan). Figure 7 shows the information flow in puncture. In-house navigation software is used to control the robot based on a preoperative plan. The navigation uses Visualization Toolkit (VTK) for representation of a polygonal vertebral model [6] and is connected to the robot over TCP/IP. It is also connected to the OPTOTRAK Certus tracking device to obtain the positions of the robot and vertebrae. The navigation system sends the transformation matrix between the needle and the surgical plan to the robot, which then controls the position of the needle. After reaching the correct position, the robot inserts the needle to make a pilot hole via a puncture method in order to avoid slippage. When the reaction force reaches 15 N, the needle starts to oscillate within a rotation angle of ± 60°. 
Phantom tests
Five polyurethane phantoms of lumbar vertebrae (Lumbar Vertebrae L1 to L5, Sawbones, USA) were used (Fig. 8) . Each phantom was potted by resin, and fixed to a plastic board that consisted of a peripheral marker plate with three glass spheres. To obtain precise registration of the positions of the spheres, three dimples were made at the marker plate, each located at the precise position from the sphere pivot. To facilitate pre-operative planning, segmentation using the developed segmentation software was done to make surface models of the vertebral phantoms from their respective computed tomography (CT) volumes. A surgeon determined the ideal positions and orientations of the left and right pedicles for the 25 vertebrae. For intra-operative registration, the peripheral marker plate was also segmented and the center of each glass sphere was calculated by sphere fitting. The experimental setup consisted of robot calibration and phantom registration. Two active optical trackers containing several infrared light-emitting diodes were used to integrate CT coordinates with the pre-operative plans and robot coordinates. The trackers were attached to the phantom and the end-effector of the robot. For robot calibration, the direction of the axes of robot coordinates was determined using the translation motion of each axis and the origin of the robot coordinates was determined using a pivoting motion. For phantom registration, point-based registration was conducted by measuring the positions of the three dimples on the peripheral marker with a pointer probe, and translating them to the center of the sphere. The registration matrix was calculated from the sphere positions in two types of coordinates, namely the affixed tracker coordinates and the pre-operative CT coordinates. The total setup time of the system, including system placement, robot calibration, and registration, did not exceed 30 minutes.
A puncture experiment was conducted using the following method. First, the robot was moved manually by using the rough positioning mechanism to include the planning position within the scope of the working volume; the time required for this procedure was less than 1 minute. Next, the navigation system sent the transformation matrix between the surgical plan and the needle coordinates to the robot that then moved the needle based on the data given, except for the translation in the Z axis, which is the direction of needle insertion. Finally, the robot inserted the needle after a command from the navigation system. To evaluate positioning accuracy, the needle position obtained by the tracking device was recorded when the needle contacted the bone surface. The time required for positioning and puncture was approximately 2 minutes. The experiments were conducted on 50 pedicles.
The phantoms were scanned by CT again after the puncture experiments to evaluate the system's accuracy. The punctured holes and peripheral markers were segmented respective. The axis of each hole was estimated using the cylindrical fitting method. Next, the puncture position on the bone surface was predicted from the intersection of the axis and the surface of the phantom. An example visualized result is shown in Figure 9 . In these experiments, all punctures were successful (no needles protruded from the pedicles). The positioning accuracy before puncture had root-mean-square (RMS) values of 0.63 mm (error range = 0.1-0.98 mm) and 1.09° (error range = 0.96-1.36°). The puncture error obtained by comparison between pre-and post-CT scans was 1.66 mm RMS (error range = 0.13-4.21 mm) and 1.62° RMS (error range = 0.36-2.73°). In terms of translational error, 16 punctures were within 1.0 mm RMS and 10 were more than 2.0 mm RMS. In terms of rotational error, 13 were less than 1.0° RMS and 12 were more than 2.0° RMS.
Discussion and conclusion
We previously proposed a robotic puncture system for vertebroplasty, integrated with a navigation system, to overcome the problems inherent in vertebroplasty. The proposed system has the potential to ensure that safe and smooth percutaneous procedures can be carried out. In the present study, in vitro experiments using polyurethane phantoms were conducted to evaluate the basic accuracy of this system.
The system has a number of significant features. First, its robot is compact enough to be placed into the space between a fluoroscope and a patient, while being able to generate the required force for needle insertion into vertebrae. Second, the robot provides fluoroscopic images in the transpedicular direction because its end-effector is partially X-ray translucent. Such transpedicular images are helpful for verifying needle position accuracy. To our knowledge, no paper has previously described a puncture robot equipped with an X-ray-transparent end-effector for spine surgery such as vertebroplasty and pedicle screw insertion. The transpedicular information is important to ensure safe procedures, since 3D positions cannot be obtained from one-directional images. Third, the robot has a passive fail-safe mechanism against certain types of accident, such as unwanted motion caused by the patient's own movements and collisions between the robot and clinicians. This type of mechanism is indispensable in a surgical robot. In addition, the authors are planning to use force and torque data to incorporate an active fail-safe mechanism into the robot to further enhance control safety.
The basic accuracy of the system was evaluated in phantom experiments. The positioning accuracy was 0.64 mm RMS and 1.09° RMS. The errors were due to small manufacturing and assembly errors. To reduce errors, fine kinematic adjustments are required. In the puncture accuracy evaluation, the errors were 1.66 mm RMS and 1.62° RMS. The errors may include registration errors, errors due to the looseness of the fail-safe mechanism, tracking errors (0.1 mm in the specifications), CT volume imaging errors, and hole axis estimation errors. In this study, registration errors should be small because an accurate peripheral marker was used. Thus, these errors can be attributed to the looseness of the fail-safe mechanism because the needle is grasped by the springs. This looseness will need to be reduced to achieve more accurate puncture. This study used plastic bone models that were fixed on a table without any soft tissues such as skin. In actual conditions, the bone is continuously moving due to the patient's respiration and external forces by the surgeon.
This study used a peripheral marker to achieve pointbased registration between the phantoms and the pre-operative model. To apply the system to clinical settings, 2D/3D registration is necessity for percutaneous procedures. Many 2D/3D registration methods have been reported [11] [12] [13] . These methods have a potential for non-invasive registration. As for the necessity of pre-operative CT scans to obtain a 3D surface model of a patient and plan a surgical path, it is a common problem when using surgical navigation in terms of cost and X-ray exposure. Magnetic resonance imaging (MRI) can be used to avoid X-ray exposure; however, 2D/3D registration between MRI volume and intra-operative X-ray images is quite difficult because the acquired vertebral shape is different. Also, MRI does not address the problem of cost. Fluoroscope-based navigation that determines a 3D line using two X-ray images is a possible solution [14] [15] [16] . Another possible solution is deformable 2D/3D segmentation/ registration using a statistical model instead of a patientspecific model from pre-operative CT scans [17, 18] . Another issue with the current navigation system is the need to attach an optical tracker to a patient. To track a vertebra by an optical tracker accurately, the tracker should be attached to a vertebra directly through a small incision, which is invasive; however, this is a risk-benefit problem and presently a realistic choice [19] [20] [21] .
The proposed robotic puncture system can perform spinal surgical procedures that are safe for both surgeons and patients. The results demonstrate that the system has acceptable accuracy for punctures. In future work, the following tests are planned to clarify the system performance in terms of accuracy and safety; 1) evaluation in more realistic conditions that simulate soft tissue, 2) evaluation of failsafe function in surgical situation, 3) in vivo evaluation using an animal or a cadaver.
